
. 
. ,d ' . BEtbCOMM, I N C .  

' 4  d L . .  
J 4 

* * '  955  I N A S A - C R - 1  lOQ89) A A P  ELECTRICAL POWER N79-7 1533 
SISTEH C A P A B I L I T I E S  1% THE E A R T H  RESCURCES 
MISSION MIDE {Bellcoturn, I n c , )  39 p llnc las 

OO/C3 12765 

COVER SHEET FOR TECHNICAL MEMOIRANDUM 

TITLE-AAP Elec t r i ca l  Power System C a p a b i l i t i e s  
i n  t h e  E a r t h  Resources Mission Mode 

FILING C A S E  N O ( S ) -  6 2 0  

TM- 70-1022-6 

D A T E -  March 23, 1970 

 AUTHOR(^)- W .  W .  Hough 

F I L I N G  S U B J E C T ( S )  Apol lo  A p p l i c a t i o n s  Program 
E l e c t r i c a l  Power Systems ( A S S I G N E D  B Y  A U T H O R ( s ) ) -  

B.  W. Moss 
J .  J .  Sakolosky 

E a r t h  Resources Experiments  
A B S T R A C T  4 

1 
. .  

During p e r i o d s  ef e a r t h  rres~';rccs e x p c r i m e n t a t i o n ,  t h e  
AAP C l u s t e r  a t t i t u d e  w i l l  b e  c o n t r o l l e d  such  t h a t  t h e  f i x e d  ex- 
pe r imen t  a x i s  i s  con t inuous ly  a l i g n e d  w i t h  t h e  l oca l  v e r t i c a l .  
I n  t h i s  a t t i t u d e  mode, s o l a r  a r r a y  power o u t p u t  i s  s u b s t a n t i a l l y  
less than  power g e n e r a t e d  i n  t h e  u s u a l  s o l a r  i n e r t i a l  a t t i t u d e  
when t h e  a r r a y s  are con t inuous ly  p o i n t e d  a t  t h e  sun .  The f a c t  
t h a t  t h e  a n g l e  of i n c i d e n c e  of t h e  s u n ' s  r a y s  i s  o t h e r  t h a n  
z e r o  causes  a c o s i n e  loss i n  i n c i d e n t  energy  p l u s  an i n c r e a s e  
i n  t h e  energy  r e f l e c t e d  from t h e  s o l a r  c e l l  c o v e r s l i d e s .  The 
a t t i t u d e  i s  such  t h a t  a l a r g e r  ave rage  p e r c e n t a g e  of  t h e  a r r a y s  
powering tlie A i r lock  sys tem w i l l  be shadowed by t h e  ATM a r r a y s .  
On t h e  p o s i t i v e  s i d e ,  t h e  average t empera tu re  of t h e  a r r a y s  w i l l  
be lower t h a n  i n  t h e  s o l a r  i n e r t i a l  mode, and t h e r e f o r e  t h e  
e l ec t r i ca l  power o u t p u t  w i l l  b e  h i g h e r  f o r  a g i v e n  i n c i d e n t  
s o l a r  f l u x .  

The b a s i c  assumptions made f o r  t h i s  a n a l y s i s  are t h a t  
t h e  expe r imen t  v iewing  a x i s  i s  d i r e c t l y  o p p o s i t e  t h e  s o l a r  a r r a y  
outward normal,  and t h a t  t h i s  a x i s  i s  a l i g n e d  w i t h  t h e  l o c a l  
v e r t i c a l  a t  an o r b i t a l  midnight  and remains a l i g n e d  u n t i l  a 
subsequen t  midnight .  I n  o r d e r  t o  pe r fo rm e a r t h  resources 
e x p e r i m e n t a t i o n  f o r  one t o  s eve ra l  c o n s e c u t i v e  o r b i t s ,  t h e  
sys t em power r equ i r emen t s  must be  reduced ,  and/or  an o p e r a t i o n a l  
ground r u l e  t h a t  t h e  s t a t e - o f - c h a r g e  of each b a t t e r y  must 
r e t u r n  t o  1 0 0 %  d u r i n g  t h e  i l l u m i n a t e d  p o r t i o n  of each  o r b i t  
must be s e t  a s i d e .  I t  appears  t h a t  an  a c c e p t a b l e  combinat ion 
of dec reased  power requi rements  and p e r m i s s i b l e  b a t t e r y  dep th -  
o f - d i s c h a r g e  can be  chosen such t h a t  two, and maybe t h r e e  
c o n s e c u t i v e  o r b i t s  are p o s s i b l e  w i t h o u t  imposing any s e v e r e  

t h e  e a r t h  r e s o u r c e s  targets  of i n t e r e s t  are  a l l  n o r t h  of 25' 
l a t i t u d e  ( i . e .  t h e  u . S . A . ) ,  t h e t i  t h e  power c a p a b i l i t y  can be  
subs  t a n t i a l l y  improved by l o c a t i n g  t h e  exper iment  axes  20-30 
d e g r e e s  away from t h e i r  assumed loca t ion  on t h e  plus-Z C l u s t e r  

- 0 r e s t r i c t i o n s  on t h e  s u n - l i n e / o r b i t - p l a n e  a n g l e ,  8 .  F u r t h e r ,  if 
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TECHNICAL MENORANDUM 

I. I N T R O D U C T I O N  

E l e c t r i c a l  power f o r  Apollo A p p l i c a t i o n s  Program space-  
c r a f t  i s  g e n e r a t e d  by s o l a r  c e l l  a r r a y s .  There are two so l a r  
a r r a y / b a t t e r y  sys tems;  t h e  P A  system i s  m o ~ n t e d  on t h e  Workshop 
and Ai r lock  Module and t h e  AT14 system i s  mounted on t h e  Apollo 
Telescope  Mount. When i l l u m i n a t e d ,  t h e  so la r  a r r a y s  c o n v e r t  
i n c i d e n t  so la r  energy i n t o  e l e c t r i c a l  energy.  Some of  t h i s  
ene rgy  i s  used t o  power system l o a d s  and t h e  rest  i s  s t o r e d  i n  
b a t t e r i e s .  S p a c e c r a f t  power i s  s u p p l i e d  by t h e s e  b a t t e r i e s  when 
t h e  a r r a y  i s  n o t  i l l u m i n a t e d .  Although t h e y  are t h e  same i n  
p r i n c i p a l ,  t h e  two systems a r e  d i f f e r e n t  i n  d e s i g n  and p o s s e s s  
d i f f e r e n t  o p e r a t i n g  c h a r a c t e r i s t i c s .  Although it i s  now planned  
t o  o p e r a t e  t h e  systems i n  p a r a l l e l  f o r  power s h a r i n g  under  nomi- 
n a l  c o n d i t i o n s ,  t h e  systems have been t r e a t e d  s e p a r a t e l y  i n  t h e  
p a s t  and t h a t  p r a c t i c e  w i l l  be con t inued  i n  t h i s  paper .  

I n  t h e  nominal AAP a t t i t u d e  mode, which i s  known a s  
s o l a r  i n e r t i a l ,  t h e  v e h i c l e  i s  s t a b i l i z e d  so  t h a t  t h e  a r r a y s  a r e  
p o i n t e d  d i r e c t l y  a t  t h e  sun throughout  t h e  e n t i r e  s u n l i t  p o r t i o n  
o f  t h e  o r b i t ,  t h u s  t h e  p e r - o r b i t  energy  o u t p u t  of t h e  a r r a y s  i s  
maximized. S e v e r a l  e a r t h - r e s o u r c e s  exper iments  have been pro-  
posed f o r  AAP which, when o p e r a t i n g ,  r e q u i r e  a d i f f e r e n t  a t t i t u d e  
mode. I n  t h e  e a r t h - r e s o u r c e s  mis s ion  mode, t h e  viewing axes 
of t h e  s p a c e c r a f t - f i x e d  exper iments  must b e  c o n t i n u a l l y  a l i g n e d  
w i t h  t h e  l o c a l  v e r t i c a l  t o  w i t h i n  some s m a l l  a n g u l a r  t o l e r a n c e .  
These exper iments  w i l l ,  i n  t h e  main, perform o b s e r v a t i o n s  of t h e  
s u n l i t  e a r t h  and w i l l  t h e r e f o r e  be f i x e d  t o  t h e  v e h i c l e  on t h e  
s i d e  o p p o s i t e  t h e  a c t i v e  f a c e  of t h e  a r r a y s .  The a r r a y  energy  
o u t p u t  w i l l  t h e r e f o r e  be reduced,  b u t  n o t  e l i m i n a t e d .  

The o b j e c t i v e  of  t h e  work r e p o r t e d  i n  t h i s  pape r  has  
been t o  a c c u r a t e l y  de t e rmine  t h e  c a p a b i l i t i e s  o f  t h e  t w o  AAP 
e l ec t r i ca l  power systems i n  t h e  e a r t h - r e s o u r c e s  mis s ion  mode. 
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Taking a s  a base  t h e  c u r r e n t  AAP C l u s t e r  c o n f i g u r a t i o n  a s  shown 
i n  F i g u r e  1, system c a p a b i l i t i e s  f u r t h e r  depend on: 

a )  t h e  a t t i t u d e  p r o f i l e ,  

b )  t h e  s u n - l i n e / o r b i t  p l a n e  a n g l e ,  6, 

c)  t h e  p o s i t i o n  of t h e  exper iment  viewing ax i s  r e l a t i v e  
t o  t h e  s o l a r  a r r a y s ,  

d )  t h e  t i m e  i n t o  t h e  mission t h a t  t h e  exper iments  a r e  
performed,  

and e )  t h e  maximum p e r m i s s i b l e  dep th  of  d i s c h a r g e  of  t h e  
b a t t e r i e s .  

With a l l  o f  t h e  above s p e c i f i e d ,  t h e  number o f  conse- 
c u t i v e  experiment  p a s s e s  t h a t  are p o s s i b l e  from t h e  power s t and-  
p o i n t  can be de te rmined  i f  we a l s o  s p e c i f y :  

f )  t h e  e s t i m a t e d  average power r equ i r emen t s  on bo th  systems 
independent  of t h e  exper iments  

and g)  t h e  power source for  t h e  exper iments  themselves  (AM o r  
ATM) and t h e i r  power requi rement .  

11. ATTITUDE PROFILE 

I n  Reference 1, t h r e e  p o s s i b l e  a t t i t u d e  p r o f i l e s  a r e  
d i s c u s s e d  which m e e t  t h e  s t a t e d  r equ i r emen t s  of t h e  e a r t h  re- 
s o u r c e s  exper iments .  They a r e  a l i k e  i n  t h a t  a l l  p o s i t i o n  t h e  
exper iment  viewing axes  along t h e  local  v e r t i c a l  when t h e  t a r g e t  
( s u b - s p a c e c r a f t  p o i n t )  i s  p r o p e r l y  i l l u m i n a t e d  by t h e  sun ,  and 
i n  t h a t  t h e  v e h i c l e  X-axis (roll a x i s )  i s  k e p t  i n  t h e  o r b i t a l  
p l a n e  p a r a l l e l  t o  t h e  v e l o c i t y  v e c t o r .  They d i f f e r  i n  how t h i s  
a t t i t u d e  i s  a c q u i r e d ,  s t a r t i n g  from t h e  so l a r  i n e r t i a l  a t t i t u d e . .  

. I t  i s  shown i n  Reference 1 t h a t  t o  minimize t h e  expense 
of a t t i t u d e  maneuvers wh i l e  maximizing experiment  o p p o r t u n i t i e s  
i n  s u n l i g h t ,  an a t t i t u d e  p r o f i l e  known as midnight  a c q u i s i t i o n  
must be  used. T h i s  p r o f i l e  begins  w i t h  a v e h i c l e  r o l l  maneuver 
between o r b i t a l  s u n s e t  and o r b i t a l  midnight  t o  p l a c e  t h e  e x p e r i -  
ment viewing a x i s  i n  t h e  o r b i t a l  p l a n e  such  t h a t  t h e  exper iments  
w i l l  look d i r e c t l y  down a t  midnight .  A t  m idn igh t ,  t h e  o r b i t a l  
ra te  i s  induced about  t h e  normal t o  t h e  o r b i t a l  p l ane .  T h e  ex- 
pe r imen t  a x i s  t h e n  remains along t h e  l o c a l  v e r t i c a l  f o r  some 
i n t e g r a l  number o f  midnight-to-midnight o r b i t s .  A f t e r  t h e  l a s t  
expe r imen ta l  p a s s ,  t h e  o p p o s i t e  of t h e  a c q u i s i t i o n  sequence i s  
c a r r i e d  o u t ;  t h e  o r b i t a l  r a t e  i s  removed a t  midnight  and t h e  
v e h i c l e  i s  r o l l e d  back t o  s o l a r  i n e r t i a l  b e f o r e  o r b i t a l  s u n r i s e .  
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The midnight  a c q u i s i t i o n  p r o f i l e  h a s  been adop ted  f o r  
t h i s  s t u d y .  I n  t h e  B a s e l i n e  Reference  Mission document ( R e f .  2 )  
t h e  s p e c i f i c a t i o n  of  t h e  o r i e n t a t i o n  of t h e  C l u s t e r  i n  t h e  so l a r  
i n e r t i a l  mode i s  such  t h a t  t h e  plus-X a x i s  (CSM end)  i s  i n  t h e  
d i r e c t i o n  o f  t h e  v e l o c i t y  v e c t o r  a t  o r b i t a l  noon. The CSM w i l l  
t h e r e f o r e  l a g  a t  midn igh t ,  and t h e  minus-X (OWS end)  w i l l  be  i n  
t h e  d i r e c t i o n  o f  t h e  v e l o c i t y  v e c t o r  t h roughou t  t h e  e a r t h  
r e s o u r c e s  mis s ion  mode. If e i t h e r  of t h e  o t h e r  two a c q u i s i t i o n  
modes, noon a c q u i s i t i o n  o r  l o c a l  t a r g e t  a c q u i s i t i o n ,  d i s c u s s e d  
i n  Reference  1 are used ,  then  t h e  o p p o s i t e  i s  t h e  case - t h e  
l e a d i n g  end i n  t h e  e a r t h  r e s o u r c e s  mode w i l l  be t h e  CSM end. 

111. EXPERIMENT P O S I T I O N  

The outward n o r n a l s  t o  t h e  s o l a r  a r rays  of t h e  AAP 
C l u s t e r  are  a l l  i n  t h e  d i r e c t i o n  o f  t h e  minus-Z C l u s t e r  a x i s .  
I n  t h e  p r i o r  w e t  Workshop c o n f i g u r a t i o n ,  which w a s  t o  use  a 
d i f f e r e n t  a t t i t u d e  p r o f i l e  and had movable s o l a r  a r r a y s ,  t h e  
v i ewing  a x i s  of  t h e  mul t iband  photography exper iment  w a s  o p t i m a l l y  
l o c a t e d  a l o n g  t h e  C l u s t e r  plus-Z a x i s .  T h i s  exper iment  p o s i t i o n  
h a s  remained f o r  a l l  proposed e a r t h  r e s o u r c e s  exper iments  i n  t h e  
d r y  Workshop c o n f i g u r a t i o n .  From e lec t r ica l  power and t h e r m a l  
c o n t r o l  s t a n d p o i n t s ,  t h e  plus-Z exper iment  p o s i t i o n  i s  n o t  
n e c e s s a r i l y  t h e  optimum i n  t h e  a t t i t u d e  mode j u s t  d e s c r i b e d .  
The optimum depends on t h e  range  of  t a r g e t  l a t i t u d e s ,  t h e  accessi- 
b i l i t y  t o  t h e s e  t a r g e t s ,  and t h e  d i r e c t i o n  o f  f l i g h t .  

I n  t h i s  s t u d y ,  t h e  plus-Z exper iment  p o s i t i o n  w a s  
adopted .  I n  a l a t e r  s e c t i o n  opt i .mal ,  o r  a t  l e a s t  more f a v o r a b l e ,  
p o s i t i o n i n g  w i l l  be  d i s c u s s e d .  

I V .  INSTANTANEOUS SOLAR ARRAY POWER OUTPUT 

The i n s t a n t a n e o u s  s o l a r  a r r a y  power o u t p u t  i n  t h e  e a r t h  
r e s o u r c e s  mis s ion  mode, PSA, can  b e  e v a l u a t e d  by t h e  f o l l o w i n g  
e q u a t i o n :  

PSA = cos A . 

Each t e r m  o f  (1) i s  d i s c u s s e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  para-  
g raphs .  



-5- 

c o s  A :  

A i s  t h e  a n g l e  o f  s o l a r  i n c i d e n c e ;  t h a t  i s  t h e  a n g l e  
between t h e  v e c t o r  t o  t h e  sun and t h e  outward normal t o  t h e  s o l a r  
a r r a y ,  which i s  t h e  minus-Z C l u s t e r  a x i s .  The i n c i d e n t  s o l a r  
power p e r  u n i t  a r e a  of t h e  a r r a y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
c o s i n e  of A .  With t h e  exper iments  along t h e  plus-Z,  t h e  s o l a r  
a r r a y  normal w i l l  be c o i n c i d e n t  w i t h  t h e  l o c a l  v e r t i c a l .  I n  
t h i s  a t t i t u d e  t h e  c o s i n e  of A i s  t h e  p r o d u c t  of  t h e  c o s i n e s  of 
t h e  minimum a n g l e  between t h e  sun  v e c t o r  and t h e  o r b i t  p l a n e ,  B ,  
and t h e  o r b i t  p o s i t i o n  a n g l e ,  11. 

cos A = cos B c o s  rl (2 1 

These two a n g l e s  are  d e f i n e d  i n  Reference  3 and shown i n  F i g u r e  
2. B i s  p o s i t i v e  i f  t h e  sub -o rb i t a l -noon  p o i n t  i s  s o u t h  of t h e  
s u b - s o l a r  p o i n t . *  ( B  as shown i s  n e g a t i v e . )  rl measures  t h e  
a n g u l a r  p o s i t i o n  i n  t h e  o r b i t  o f  t h e  s p a c e c r a f t  r e l a t i v e  t o  o r b i t a l  
noon, and i s  p o s i t i v e  (as shown) i n  t h e  d i r e c t i o n  of t h e  o r b i t a l  
v e l o c i t y  v e c t o r .  Both B and T-I are t i m e  v a r y i n g ,  and n e i t h e r  v a r y  
l i n e a r l y .  6 varies  due t o  t h e  e a r t h ' s  r o t a t i o n  a b o u t  t h e  sun  and 
o r b i t a l  r e g r e s s i o n .  F i g u r e  3 i s  t h e  t i m e  h i s t o r y  o f  B f o r  a 
m i s s i o n  launched  a t  3:OO p.n. EST on J u l y  1 5  t o  a 235 N M ,  50° 
i n c l i n a t i o n  o r b i t .  The l i m i t s  on B are p l u s  and minus t h e  sum of  
t h e  o r b i t a l  i n c l i n a t i o n  and t h e  a n g l e  between t h e  e c l i p t i c  and 
e q u a t o r i a l  p l a n e s ;  f o r  a 50'  i n c l i n a t i o n ,  -73'27' I B L +73O27'. 
A p a s s  of t h e  s a t e l l i t e  from one o r b i t a l  noon t o  t h e  n e x t  i s  
e q u i v a l e n t  t o  a 360' i n c r e a s e  i n  T-I. The t i m e  r a te  of change of 
rl i s  n o t  c o n s t a n t ,  a g a i n  because  of o r b i t a l  r e g r e s s i o n  and t h e  
e a r t h ' s  r o t a t i o n  abou t  t h e  sun. I n  Appendix A ,  however, an 
e x p r e s s i o n  f o r  t h e  ave rage  noon-to-noon s a t e l l i t e  p e r i o d ,  TS AvGt 
i s  d e r i v e d ,  and t h a t  p e r i o d  h a s  been used  i n  t h i s  s t u d y  i n  a 
l i n e a r  approximat ion  of t h e  r e l a t i o n  between 11 and t i m e .  

With t h e  assumed l o c a t i o n  of t h e  exper iment  v i ewing  
a x e s  a l o n g  t h e  C l u s t e r  p lus-2  a x i s ,  t h e  e f f e c t  o f  f3 on power 
sys tem c a p a b i l i t i e s  i s  independent  of t h e  s i g n  of 8 i n  t h e  case 
of t h e  ATM, and almost independent  i n  t h e  case o f  t h e  AM. The 
s l i g h t  dependency o f  t h e  MI c a p a b i l i t i e s  on t h e  s i g n  of 13 i s  
due  t o  nonsymmetric shadowing of t h e  AM a r r a y s ,  which i s  i n  t u r n  

*This  d e f i n i t i o n  of  p o s i t i v e  i s  c o n s i s t e n t  w i t h  t h e  d e f i n i -  
t i o n  c o n t a i n e d  i n  the Base l ine  Reference  Mission (Ref, 2 ) ,  but 
o p p o s i t e  t o  t h e  d e f i n i t i o n  of  Reference  3.  
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due t o  t h e  o f f s e t  of  t h e  a r r a y s .  However, t h e  d i f f e r e n c e  i s  
u n d i s c e r n a b l e  i n  p l o t s  of AM c a p a b i l i t i e s  v s  B .  T h e r e f o r e  o n l y  
p o s i t i v e  v a l u e s  o f  B are used i n  p l o t s  of c a p a b i l i t i e s ,  w i t h  
t h e  und .ers tanding  t h a t  t h e  r e s u l t s  app ly  e q u a l l y  w e l l  f o r  n e g a t i v e  
8 of t h e  same a b s o l u t e  v a l u e s .  

I t  can be  s e e n  f r o m  e q u a t i o n  ( 2 )  t h a t  cos  X w i l l  be 

'SA 

n e g a t i v e  whenever c o s  rl i s  n e g a t i v e  as cos B i s  always p o s i t i v e .  
i n  e q u a t i o n  (1) can  neve r  be n e g a t i v e ,  b u t  w i l l  be However, 

z e r o  when cos  rl i s  z e r o  o r  n e g a t i v e .  I n  o t h e r  words,  t h e  a r r a y  
w i l l  n o t  see t h e  sun  and w i l l  n o t  produce power when 0 i s  between 
90° and 270 '  i n  t h e  e a r t h  r e s o u r c e s  m i s s i o n  mode. T h e r e f o r e ,  w e  
need c o n s i d e r  s o l a r  a r r a y  o u t p u t  o n l y  when. rl i s  between -90°  and 
-!-goo. 

P ( T )  i s  t h e  t empera tu re  dependent  power o u t p u t  of N 
t h e  f u l l  a r r a y  a t  normal s o l a r  i n c i d e n c e ,  a i r  m a s s  ze ro ,  and 
beg inn ing  of l i f e .  S o l a r  a r r a y s  c o n v e r t i n g  i n c i d e n t  r a d i a n t  
ene rgy  i n t o  e l e c t r i c a l  energy  are  p r e d i c t a b l y  a f f e c t e d  by t h e  
t e m p e r a t u r e  of  t h e  a r r a y  which i s  i t s e l f  a f f e c t e d  by t h e  i n c i d e n t  
r a d i a n t  energy .  I t  i s  well-known t h a t  t h e  o p e n - c i r c u i t  voltage 
i s  a n  i n v e r s e  f u n c t i o n  o f  t empera tu re  and i s  e s s e n t i a l l y  
u n a f f e c t e d  by i n c i d e n t  i n t e n s i t y  w h i l e  s h o r t - c i r c u i t  c u r r e n t  i s  
a l i n e a r  f u n c t i o n  of i n c i d e n t  i n t e n s i t y  and i s  e s s e n t i a l l y  un- 
affected by t empera tu re .  The maximum power o f  an a r r a y  a t  any 
g i v e n  i n t e n s i t y ,  t h e n ,  i s  a n  i n v e r s e  f u n c t i o n  o f  t empera tu re .  
V a r i o u s  s o u r c e s  give maximum power t e m p e r a t u r e  c o e f f i c i e n t s  
r a n g i n g  from -0.42% p e r  OC t o  -0.485% p e r  OC. (-0.234% p e r  OF 
t o  -0.27% p e r  OF.) 

The two s o l a r  a r r a y  sys t ems  i n  AAP bo th  u s e  i d e n t i c a l  
s o l a r  ce l l s  a r r anged  as modules t o  p r o v i d e  t h e  d e s i r e d  power 
levels a t  t h e  d e s i r e d  v o l t a g e  l e v e l s .  The ce l l s  are 2 c m  x 2 c m  
N on P s i l i c o n  ce l l s  w i t h  a nominal base r e s i s t i v i t y  of 1 0  ohm-cm 
and an act ive area o f  3.8 c m  . The conve r s ion  e f f i c i e n c y  i s  
t a k e n  as 1 0  p e r  c e n t .  From t h i s ,  t h e  nominal power o u t p u t  of 
each  c e l l  w i t h  i n c i d e n t  normal so l a r  power o f  1 4 0  mw/cm2 can  be 
de te rmined .  

2 

= 140 x 3.8 x 0 .10 = 53.2 m w / c e l l  'cell 
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The AM a r r a y  c o n s i s t s  of 240Lmodules of 1136 c e l l s  each f o r  
a t o t a l  of 272640 c e l l s  and t h e  ATM a r r a y  c o n s i s t s  of  360 modules 
of 684 ce l l s  each f o r  a t o t a l  of 246240 c e l l s .  So, 

= 53.2 x x 272640 = 14504 w 

= 53.2 x x 246240 = 13100 w 
'ATM 

These nominal t o t a l  a r r a y  o u t p u t s  a r e ' b a s e d  on t h e  cel ls  be ing  
a t  a t empera tu re  of 3OoC (86°F) and do n o t  i n c l u d e  l o s s e s  f o r  
assembly i n t o  an a r r a y .  The l o s s e s  a r e  summarized i n  t h e  
f o l l o w i n g  t a b l e  

AM ATM 

2.0% 2.0% 

3.0 3.0 

Covers l ides  and adhes ive  

C e l l  mismatch 

Diode loss  ( 0 . 8 ~ )  1.4 2.0 

Line  loss (1.0~) 1.75 2.5 - 
Tota l  loss  8.15% 9.5% 

The a r r a y  power c a p a b i l i t i e s  a t  86OF a r e  t h e r e f o r e  

= 14504 (1-0.0815) = 13322 w 

= 13100 (1-0.095) = 11855 w 'ATM 

Taking t h e  tempera ture  c o e f f i c i e n t  as -0.465% p e r  OC, o r  
-.258% p e r  OF, w e  can write t h e  e x p r e s s i o n s  f o r  P ( T ) .  For 
t h e  AM system: N 

P N ( T )  = 13322 (1-.00258 ( T - 8 6 ) )  (4-a) 
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and f o r  t h e  ATM system: 

P N ( T )  = 11855 (1m.00258 (T-86)) (4-b) 

where T i s  t h e  t empera tu re  of t h e  a r r a y  i n  d e g r e e s  F. 

When t h e s e  e x p r e s s i o n s  are e v a l u a t e d  a t  t h e  r a t e d  
o p e r a t i n g  t e m p e r a t u r e s  of t h e  t w o  s y s t e m s ,  t h e  r e s u l t s  are i n  
agreement  w i t h  t h e  MSFC p u b l i s h e d  ra ted  power c a p a b i l i t i e s  t o  
w i t h i n  0 . 1 4 % .  

T: . I  

To make u s e  o f  t h e  e x p r e s s i o n s  fo r  P N ( T )  j u s t  deve loped ,  
an a n a l y s i s  o f  t h e  a r r a y  t empera tu re  p r o f i l e  i s  r e q u i r e d .  
Several  a n a l y s e s  o f  a r r a y  t empera tu re  p r o f i l e s  f o r  d i f f e r e n t  
a t t i t u d e  p r o f i l e s  have been performed by J. W .  Powers, i n c l u d i n g  
t h e  e a r t h  r e s o u r c e s  m i s s i o n  mode unde r  c o n s i d e r a t i o n  
h e r e .  H i s  work i s  r e p o r t e d  i n  Reference  4 .  H e  modeled t h e  
a r r a y  as a s i n g l e  two s u r f a c e  node w i t h  t h e  a p p r o p r i a t e  absorp-  
t i v i t y  and e m i s s i v i t y  on each face,  and assumed t h e s e  p r o p e r t i e s  
w e r e  i d e n t i c a l  f o r  t h e  two a r r a y s .  The a r r a y  p l a n a r  s u r f a c e s  
receive t i m e  v a r y i n g  direct  s o l a r ,  e a r t h  r e f l e c t e d  s o l a r ,  and 
e a r t h  e m i t t e d  I R  t h e r m a l  f l u x e s  as f u n c t i o n s  o f  a l t i t u d e  ( t a k e n  
as t h e  b a s e l i n e  235  NIYl c i r c u l a r  o r b i t ) ,  a t t i t u d e ,  and p o s i t i o n  
a n g l e s  r e l a t ive  t o  t h e  s u n ,  6 and 0 .  The i n c i d e n t  f l u x  p r o f i l e  
t o g e t h e r  w i t h  t h e  a r r a y  p h y s i c a l  p r o p e r t i e s  w e r e  used t o  d e t e r m i n e  
t h e  a r r a y  t empera tu re  p r o f i l e .  Power ' s  r e s u l t s  f o r  t h e  e a r t h  
r e s o u r c e s  mis s ion  mode are shown i n  F i g u r e  4 f o r  t h e  p e r t i n e n t  
r a n g e  o f  n and f o r  f o u r  B ang les .  

The c u r v e s  o f  F igu re  4 can  be d u p l i c a t e d  t o  w i t h i n  a 
f e w  p e r c e n t  w i t h  a f a i r l y  s imple  c u r v e - f i t  e q u a t i o n ,  which w a s  
deve loped  t o  ease computa t iona l  e f f o r t  w i t h i n  t h e  computer 
program t h a t  p r e d i c t s  i n s t a n t a n e o u s  s o l a r  a r r a y  power o u t p u t .  
F u r t h e r ,  i n t e r p o l a t i o n  f o r  d i f f e r e n t  8 a n g l e s  i s  unnecessary .  
T h i s  e x p r e s s i o n  i s  

0+35-c  
T = A + B s i n  (180O 125-c) + D (5) 
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2.617 
A = 59 - .00088846 
B = 104 - .02144 61.907 
c = .00022212 6 2 . 6 1 7  

E + F, rl 5 + 15O 
D = {  0 > + 1 5 O  

0 ,  

where 
1.081 . ,  E = -.09808 (60-8) 

1 n+40 F = 0.14517 (60-6)1*107 sin (180O - 70 

When using these equations, T-I must be maintained in the range 
of - 9 0 "  I + T-, 2 + 90" (use of 280" rather than -80" will give an 
erroneous result), and B must be positive. Both must be input 
in degrees. The temperature, T, will be in degrees F. 

l-LR: 

Because of reflection of incident light off the solar 
cell coverslide and because of transmission loss within the 
coverslide, the intensity of light reaching the surface of the 
cell is decreased from that reaching the coverslide. The trans- 
mission loss is assumed to be a constant 2%. The reflective loss 
is a function of the angle of incidence and the index of re- 
fraction of the coverslide material. In Reference 5, the follow- 
ing expression was developed for determination of the magnitude 
of the reflective loss :  

sin 2 ( x - x )  + cos2(A+x)] 2 
cos ( A - x )  2 Percent loss = 1 0 0 %  

sin ( A + x )  

where A is the angle of incidence and x is the angle of refraction. 
A and x are related to the index of refraction of the coverslide 
material by Snell's law: 
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s i n  x 
s i n  x = index  of r e f r a c t i o n  

For  t h e  fused  s i l i c a  c o v e r s l i d e s  used i n  AAP, t h e  index  of 
r e f r a c t i o n  averages  1.47 over t h e  wave l e n g t h s  of i n t e r e s t .  

A t  normal inc idence ,  e q u a t i o n  ( 6 )  reduces  through 
s m a l l  a n g l e  approximations t o  

P e r c e n t  loss  a t  = . ( i n d e x  of r e f r a c t i o n  -1) 2 
2 normal i n c i d e n c e  ( index  of r e f r a c t i o n  +1) 

( 7 )  

which, when e v a l u a t e d ,  g i v e s  a 3 .63% loss. Applying t h i s  loss 
t o  ( 4 a )  and (4b)  g i v e s  r a t e d  s o l a r  a r r a y  power o u t p u t s  a t  normal  
i n c i d e n c e  t h a t  would be lower t h a n  t h e  MSFC p u b l i s h e d  c a p a b i l i t i e s  
by approximate ly  t h e  amount of  t h e  loss. Presumably,  t h e r e f o r e ,  
t h e  loss due t o  r e f l e c t i o n  a t  normal i n c i d e n c e  i s  a l r e a d y  inc luded  
i n  (4a )  and (4b)  through t h e  assumed conve r s ion  e f f i c i e n c y  of 10%. 
T h i s  presumption i s  supported by t h e  f a c t  t h a t  1 0  ohm-cm N on 
P s i l i c o n  ce l l s  c h a r a c t e r i s t i c a l l y  have a conve r s ion  e f f i c i e n c y  
of approximate ly  1 0 . 5 % .  I n  t h i s  s t u d y ,  t h e r e f o r e ,  t h e  degraded 
t r a n s m i t t a n c e  of t h e  c o v e r s l i d e  due t o  r e f l e c t i o n  a t  t h e  cover- 
s l i d e - s p a c e  i n t e r f a c e  has  been normalized t o  1 0 0 %  a t  normal 
i n c i d e n c e .  
i n  p e r c e n t  i s  

The normalized t r a n s m i t t a n c e ,  1 - r e f l e c t i v e  loss (1 -LR) ,  

( 8 )  1 0 0 %  - p e r c e n t  l o s s  by ( 6 )  
1 0 0 %  - p e r c e n t  loss a t  normal i n c i d e n c e  by ( 7 )  100% ( l - L R )  = 

The normalized t r a n s m i t t a n c e  i s  p l o t t e d  i n  F i g u r e  5 vs t h e  a n g l e  
of i n c i d e n c e .  

The s o l a r - t o - e l e c t r i c a l  power conve r s ion  e f f i c i e n c y  of 
s o l a r  c e l l s  degrades  due t o  envi ronmenta l  r a d i a t i o n .  
of t h e  c o v e r s l i d e s  i s  t o  m i n i m i z e  t h i s  d e g r a d a t i o n ,  b u t  t h e y  do 
n o t  e l i m i n a t e  it. The t i m e  dependent d e g r a d a t i o n  used i n  AAP 
has  been l e g i s l a t e d  a t  1/2% p e r  month. The term LD i n  e q u a t i o n  

The purpose 
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(1) i s  t h e r e f o r e  s imply 0 . 0 0 5  d where  d i s  t h e  t i m e  i n t o  t h e  
miss ion  i n  months. 

l -LD = 1 - 0 . 0 0 5  d (9) 

l -Ls : 

T h i s  term accoun t s  f o r  t h e  d e g r a d a t i o n  i n  power o u t p u t  
of t h e  AM s o l a r  a r r a y s  due t o  shad ing  by t h e  ATM a r r a y .  

- Shaded Area o f  S o l a r  Ar.ray 
T o t a l  Area of  S o l a r  Array 

- 
LS 

Ls i s  e q u a l  t o  zero when c a l c u l a t i n g  power a t  t h e  ATM a r r a y  
s i n c e  t h i s  a r r a y  i s  neve r  shaded d u r i n g  t h e  p o r t i o n  of t h e  o r b i t  
where cos  A i s  p o s i t i v e .  

of 
PU 

Shading of t h e  AM a r r a y s  by t h e  ATM a r r a y  i s  a f u n c t i o n  
' t h e  sun a n g l e ,  B ,  and t h e  o r b i t a l  p o s i t i o n  a n g l e ,  0. A com- 
k e r  program (documented i n  Reference 6 )  which c a l c u l a t e s  

shad ing  of  t h e  AM a r r a y s  h a s  been used t o  o b t a i n  t h e  d a t a  re- 
q u i r e d  f o r  t h i s  s tudy .  T h i s  program i s  used a s  a s u b r o u t i n e  i n  
t h e  more g e n e r a l  computer prograin used t o  c a l c u l a t e  i n s t a n t a n e o u s  
power produced by t h e  s o l a r  a r r a y s .  

F igu re  6 A  i l l u s t r a t e s  t h e  r a t i o  of unshaded a r e a  
t o  t h e  t o t a l  area ( i . e . ,  l -Ls)  o f  t h e  AM so l a r  a r r a y s  a s  a 
f u n c t i o n  of 11 f o r  6 a n g l e s  of O o ,  2 0 ° ,  40°,  and 60'. F i g u r e  
6 B  shows t h e  same r a t i o  f o r  B a n g l e s  of O ' ,  -20°, - 4 0 ° ,  and 
- 6 O O .  The s i g n  of B makes a d i f f e r e n c e  because of t h e  
d i f f e r e n c e  i n  t h e  Z l o c a t i o n  of t h e  two AM p a n e l s  (see F i g u r e  
1). These  d a t a  app ly  f o r  t h e  midnight  a c q u i s i t i o n  a t t i t u d e  
p r o f i l e  where t h e  CSM i s  t h e  l agg ing  v e h i c l e  and shading  o c c u r s  
i n  t h e  l a t e r  p a r t  of t h e  s u n l i t  p o r t i o n  of  t h e  o r b i t ,  roughly  
between rl a n g l e s  of - 5 O  and t 8 0 °  f o r  medium and sma l l  sun 
a n g l e s .  For  l a r g e  B a n g l e s  ( B  > 50'1, t h e  p o r t i o n  of t h e  o r b i t  
d u r i n g  which shading  occur s  i s  c o n s i d e r a b l y  less. 

If an a t t i t u d e  p r o f i l e  i s  used t h a t  r e s u l t s  i n  t h e  
o p p o s i t e  v e h i c l e  o r i e n t a t i o n ,  t h a t  i s  w i t h  t h e  CSM t h e  l e a d i n g  
v e h i c l e ,  t h e  a r r a y  shadowing w i l l  occur  i n  t h e  o p p o s i t e  h a l f  of 
t h e  o r b i t .  Shadowing d a t a  f o r  t h i s  c a s e  can be t aken  d i r e c t l y  
f r o m  F i g u r e s  6 by r e v e r s i n g  t h e  s i g n s  on t h e  0 scale and t h e  B 
a n g l e .  
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A FUNCTION CF SUN ANGLE AND ORBITAL POSITION. 



BELLCOMM. INC. -17- 

Notice from F i g u r e  6 t h a t  t h e r e  i s  no r e a d i l y  
p r e d i c t a b l e  o r  c o n s i s t e n t  p a t t e r n  t h a t  t h e  shaded area f o l l o w s  
as a f u n c t i o n  o f  6 a n g l e .  T h i s  r e s u l t s  from t h e  geometry of 
t h e  s i t u a t i o n .  The c ruc i for in  p a t t e r n  of t h e  ATM s o l a r  a r r a y  
c a u s e s  a s e q u e n t i a l  s h a d i n g  of t h e  AM p a n e l s  as t h e  C l u s t e r  
changcs i t s  o r b i t a l  p o s i t i o n .  The unequal  d i sp l acemen t s  o f  t h e  
t w o  Ai?, p a n e l s  from t h e  p l a n e  of t h e  ATM a r r a y  a l so  add t o  t h e  
e f f e c t  of non-symmetric shad ing  p a t t e r n s .  A s  can  be s e e n  from 
F i g u r e  6 ,  w o r s t  c a s e  shad ing  o c c u r s  f o r  s m a l l  B a n g l e s .  The 
maximum shad ing  of t h e  AM a r r a y s  o c c u r s  f o r  o r b i t a l  p o s i t i o n  
a n g l e s  between 40'  and 50'. A t  t h i s  p o i n t  i n  t h e  o r b i t ,  app rox i -  
ma te ly  30% o f  t h e  t o t a l  area o f  t h e  AM a r r a y s  i s  shaded .  

V. SOLAR ARRAY ENERGY OUTPUT . I  

The ene rgy  o u t p u t  of t h e  s o l a r  a r r a y  between t h e  t i m e  
tl and t h e  t i m e  t2 is  simply t h e  i n t e g r a l  o f  (1) o v e r  t h e  t i m e  
i nc remen t  

S i n c e  t i m e  and o r b i t  p o s i t i o n  a n g l e ,  Q ,  are r e l a t e d  approx ima te ly  
by a c o n s t a n t  g iven  by ( 3 ) ,  

f 

271  t 

= lndt % 'AVG 

w e  can e x p r e s s  t h e  ene rgy  o u t p u t  of t h e  a r r a y  as: 

Q 2  - 
WSA 211 'SA dQ 

I n  t h e  e a r t h  r e s o u r c e s  mis s ion  mode, t h e  a r r a y  sees t h e  sun  
o n l y  between o r b i t a l  6 a . m .  and o r b i t a l  6 p . m .  The ene rgy  o u t p u t  
i n  a s i n g l e  o r b i t  i s  
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J- lT /2  

Because of t h e  c o m p l e x i t i e s  i n t roduced  i n t o  P by t h e  t empera tu re ,  

t i m e  i n t o  t h e  m i s s i o n ,  c o v e r s l i d e  r e f l e c t i o n ,  and a r r a y  shadowing, 
( 1 4 )  must be i n t e g r a t e d  numer ica l ly .  A rough approximation f o r  
t h e  p e r - o r b i t  energy  o u t p u t ,  which i s  u s e f u l  i n  de t e rmin ing  
t r e n d s  f o r  d i f f e r e n t  6 ' s  o r  d i f f e r e n t  a t t i t u d e  p r o f i l e s ,  can be  
made by n e g l e c t i n g  a l l  terms o f  (1) e x c e p t  P N ( T )  cos X and t r e a t -  
i n g  T a s  a c o n s t a n t .  Then 

SA 

T c  
% OAVG P N ( T )  COS 6 

WSAO IT 

The accuracy  of t h e  r e s u l t  by (15) depends s t r o n g l y  on 
t h e  assumed c o n s t a n t  t empera tu re ,  T. With T a t  lOOOF and B=O, 
(15) g i v e s  a r e s u l t  4 . 8 %  h ighe r  than  t h e  more a c c u r a t e  ATM energy  
o u t p u t  p r e d i c t e d  by ( 1 4 ) .  

V I .  POWER SYSTEM ENERGY PROFILE 

The t o t a l  e l e c t r i c a l  energy  used (and l o s t  through 
i n e f f i c i e n c i e s )  d u r i n g  t h e  miss ion  cannot  be g r e a t e r  t han  t h e  
t o t a l  energy o u t p u t  of t h e  s o l a r  a r r a y s  p l u s  t h e  i n i t i a l  s t o r e d  
ene rgy  i n  t h e  b a t t e r i e s .  F u r t h e r ,  t o  i n s u r e  cont inuous  capa- 
b i l i t y  t o  supply  l o a d s ,  t h e  s t o r e d  energy  must a t  no t i m e  r each  
ze ro .  The SWS w i l l  be  launched wi th  a l l  b a t t e r i e s  f u l l y  charged.  
Once t h e  s o l a r  i n e r t i a l  a t t i t u d e  i s  a c q u i r e d ,  normal o p e r a t i n g  
c o n d i t i o n s  w i l l  p e r m i t  f u l l  r e c h a r g e  o f  a l l  b a t t e r i e s  d u r i n g  
t h e  s u n l i t  p o r t i o n  of t h e  o r b i t ,  and dep th  of d i s c h a r g e  (DOD) 
of  t h e  b a t t e r i e s  d u r i n g  t h e  da rk  p o r t i o n  of t h e  o r b i t  w i l l  n o t  
normally b e  beyond 30%.  Higher l o a d s  or  lower s o l a r  a r r a y  out -  
p u t  a r e  o c c a s i o n a l l y  a c c e p t a b l e  a s  l ong  as t h e  s t o r e d  energy does  
n o t  van i sh .  Subsequent t o  t h e  occurance  of such c o n d i t i o n s ,  t h e  
b a t t e r i e s  must be al lowed t o  r e c o v e r  so t h e  long-term energy 
b a l a n c e  requi rement  w i l l  be  m e t .  

The e a r t h  r e s o u r c e s  miss ion  mode i s  an example of a 
c o n d i t i o n  where t h e  s o l a r  a r r a y  o u t p u t  i s  s u b s t a n t i a l l y  below 
t h e  o u t p u t  i n  t h e  s o l a r  i n e r t i a l  mode. I n  t h i s  a t t i t u d e ,  it i s  
u n l i k e l y  t h a t  energy can be ba lanced  on an o r b i t - t o - o r b i t  b a s i s .  
Tha t  i s ,  i t  i s  l i k e l y  t h a t  t h e  b a t t e r i e s  w i l l  n o t  r e t u r n  t o  
1 0 0 %  s t a t e  of charge  each o r b i t .  I n  t h i s  s e c t i o n ,  t h e  method 
for d e t e r m i n a t i o n  of  t h e  b a t t e r y  s t a t e  of  cha rge  a f t e r  some 
number of  o r b i t s  i n  t h e  e a r t h  r e s o u r c e s  mode i s  g iven .  From t h i s ,  
w e  can s t a t e  t h e  c a p a b i l i t i e s  of t h e  power systems d u r i n g  e a r t h  
r e s o u r c e s  expe r imen ta t ion .  
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CHARGER BYPASS (ATM ONLY) 

(ATM ONLY) 
BATTERY 

FIGURE 7 - SOLAR ARRAYlBATTERY ELECTRICAL POWER SYSTEM 

Figure  7 i s  a s i m p l i f i e d  schemat i c  of a so la r  a r r a y /  
b a t t e r y  power system. 

o u t p u t ,  and PL i s  t h e  i n s t a n t a n e o u s  load on t h e  system. When 
t h e  l o a d ,  i n c r e a s e d  by t h e  power l o s t  i n  t h e  d i s t r i b u t i o n  system 
and t h e  r e g u l a t e r ,  i s  g r e a t e r  t h a n  t h e  a r r a y  o u t p u t ,  t h e r e  i s  
o v e r  a t i m e  A t  a n e t  loss of energy  from t h e  b a t t e r y .  

PSA i s  t h e - i n s t a n t a n e o u s  solar  a r r a y  

wLoss = (&- 'SA) At 

I f  t h e  a r r a y  o u t p u t  exceeds t h e  demand, t h e r e  i s  a g a i n  i n  
energy  i n  t h e  b a t t e r y ,  

W~~~~ - - 'C'B ('SA a pL ) *' 

where qc and q B  account  f o r  t h e  power l o s t  i n  t h e  c h a r g e r  and 
b a t t e r y .  The d e f i n i t i o n s  and v a l u e s  o f  t h e  e f f i c i e n c i e s  f o r  
t h e  two systems are g iven  i n  t h e  fo l lowing  table. 



AM ATM 

= c h a r g e r  e f f i c i e n c y  . 9 5  .96  q C  

= b a t t e r y  charge  u t i l i z a t i o n  
or w a t t  hour  e f f i c i e n c y  . 6 7 7  .70 OB 

= d i s t r i b u t i o n  e f f i c i e n c y  .826 .877 OD 

OR = r e g u l a t o r  e f f i c i e n c y  . 9 5  ,875 

The v a l u e  of  t h e  d i s t r i b u t i o n  e f f i c i e n c y  f o r  t h e  AM accoun t s  
f o r  t h e  f a c t  t h a t  power i s  s u p p l i e d  t o , t h e  load  from e i t h e r  
s o u r c e  through t h e  cha rge r .  Th i s  i s  n o t  t h e  c a s e  i n  t h e  ATM. 

The change i n  b a t t e r y  s t a t e  of  cha rge  ove r  t h e  t i m e  
A t  i s  o b t a i n e d  by d i v i d i n g  t h e  change i n  energy ,  g iven  by ( 1 6 )  
and ( 1 7 ) ,  by t h e  t o t a l  energy c a p a c i t y  of  t h e  b a t t e r y  system, 

'CAP 
as 9108 wat t -hours  and t h e  e i g h t e e n  ATM b a t t e r i e s  have a t o t a l  
c a p a c i t y  of 9936 wat t -hours .  

. The t o t a l  c a p a c i t y  of t h e  e i g h t  AM b a t t e r i e s  i s  t a k e n  

To t r a c k  t h e  b a t t e r y  s ta te  of cha rge ,  it i s  f i r s t  
necessa ry  t o  de termine  whether energy i s  be ing  ga ined  o r  l o s t ,  
b u t  t h i s  s imply  e n t a i l s  p i ck ing  t h e  p o s i t i v e  r e s u l t  o f  ( 1 6 )  o r  
( 1 7 ) .  
a t e l y  added t o  o r  s u b t r a c t e d  from t h e  s t a t e -o f -cha rge  a t  t h e  
beginning  o f  t h e  p e r i o d  A t .  Cont inuing t h i s  p r o c e s s  ove r  t i m e  
w i l l  g i v e  a t i m e  p r o f i l e  o f  t h e  b a t t e r y  s t a t e  of charge .  The 
o n l y  r e s t r i c t i o n  i s  t h a t  t h e  s t a t e  of  charge  must be  w i t h i n  
t h e  l i m i t s  0 - < SOC 1 ( i . e . :  0 - < SOC - < 100%). 

That  r e s u l t  i s  t h e n  d iv ided  by t h e  c a p a c i t y  and a p p r o p i -  

I n  t h e  e a r t h  r e sources  mode, t h e  e n t i r e  s t a t e - o f - c h a r g e  
p r o f i l e  i s  n o t  o f  as much i n t e r e s t  a s  t h e  m i n i m u m  s t a t e  of 
charge  t h a t  occu r s .  S p e c i f i c a t i o n  o f  a m i n i m u m  a l lowab le  SOC 
i s  needed b e f o r e  t h e  c a p a b i l i t y  o f  t h e  system t o  s u p p o r t  t h e  
exper iment  mode can be s t a t e d .  

If t h e  system load  i s  c o n s t a n t ,  o r  a t  l e a s t  r e p e t i t i v e  
from o r b i t  t o  o r b i t ,  t h e  m i n i m u m  SOC can be c a l c u l a t e d  w i t h o u t  
c a l c u l a t i n g  t h e  e n t i r e  SOC p r o f i l e .  Th i s  can  be b e s t  e x p l a i n e d  
w i t h  t h e  h e l p  of F i g u r e  8 ,  which i s  i l l u s t r a t i v e  of a t w o -  
o r b i t  e a r t h  r e s o u r c e s  sequence. On F i g u r e  8, f o u r  p o i n t s  are 
numbered. P o i n t  7 i s  t h e  p o i n t  i n  t h e  o r b i t  w h e r e . t h e  space-  
c r a f t ,  which i s  i n  t h e  s o l a r  i n e r t i a l  mode, e n t e r s  e a r t h  shadow. 



I 

The v a l u e  of TI a t  p o i n t  I ,  c a l l e d  neS ( f o r  e a r t h  shadow) i n  
Reference 3 ,  i s  dependent  on 13 and t h e  a l t i t u d e  of  t h e  o r b i t .  
I t  i s  g iven  by: 

'les = cos  (-lLq$+/cos a )  

where  R i s  t h e  r a d i u s  of t h e  e a r t h  and H i s  t h e  a l t i t u d e  of t h e  
o r b i t .  i f  t h e  numerator  
of t h e  argument of  t h e  a rc -cos ine  of (18)  i s  g r e a t e r  t h a n  t h e  

i s  t o  be taken  a s  180°, €or i n  t h i s  case, t h e  denominator ,  
v e h i c l e  i s  c o n s t a n t l y  i n  s u n l i g h t .  For t h e  range o f  B s t u d i e d  
h e r e  and t h e  nominal AAP a l t i t u d e  of 235 NM, t h e r e  w i l l  always 
be e a r t h  shadow. 

neS  i s  l i m i t e d  t o  9 0 °  < neS - < 180"; 

'les 

N = 2  

SUN 
P o i n t s  2 and 3 are t h e  p o i n t s  
where t h e  l o a d ,  PL, i s  e x a c t l y  
e q u a l  t o  t h e  a r r a y  o u t p u t  
t i m e s  t h e  r e g u l a t o r  and d i s t r i -  
b u t i o n  e f f i c i e n c i e s ,  

A t  p o i n t  2 ,  t h e  b a t t e r i e s  cease 
t o  d i s c h a r g e  and begin  t o  
charge ;  a t  p o i n t  3 ,  t h e  oppo- 
s i t e  occurs .  Even w i t h  a 
c o n s t a n t  load ,  p o i n t s  2 and 3 
are no t  symmetric abou t  q=O 
(noon) because of t h e  non- 
symmetry i n  t h e  a r r a y  tempera- 
t u r e  p r o f i l e  and,  i n  t h e  case 
of  t h e  AM a r r a y ,  t h e  non- 
symmetry i n  shadowing. 

P ~ ~ r l ~ n ~ *  

FIGURE 8 

P o i n t  4 i s  t h e  p o i n t  where t h e  v e h i c l e  l e a v e s  e a r t h  shadow having  
r e a c q u i r e d  t h e  solar  i n e r t i a l  a t t i t u d e ,  and t h e  a r r a y s  a b r u p t l y  
beg in  d e l i v e r i n g  more power t h a n  t h e  load  r e q u i r e s .  Neg lec t ing  
t h e  s m a l l  change i n  0 o v e r  tF,z p e r i o d  i n  t h e  e a r t h  r e s o u r c e s  
mis s ion  mode, p o i n t  4 and p o i n t  1 a r e  symmetric abou t  n = O .  
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The segments of  the o r b i t  determined by t h e  p o i n t s  
j u s t  d e f i n e d  a r e  p e r i o d s  when energy  i s  e i the r  l o s t  o r  g a i n e d  
by t h e  b a t t e r i e s .  Between p o i n t s  7 and 2 ,  t h e  energy  l o s t  i s  

wLoss 7-2 = /[2(& - 'SA) dt 

and t h e  p e r c e n t  d e c r e a s e  i n  s t a t e  of  cha rge  i s  

wLoss 7 - 2  
. ,  = 100 x 

WCAP l lCl  - 2 

The energy  ga ined  between 2 and 3 i s  

W~~~~ 2 - 3  = I' 'C'B ('SA - &) dt 
and t h e  p e r c e n t  i n c r e a s e  i n  s t a t e  of charge  i s  

= 1 0 0  x 'GAIN 2 - 3  
WCAP 

3 

W e  can s i m i l a r l y  d e f i n e  A C 3 - 2  and A C 3 - 4  as t h e  p e r c e n t  d e c r e a s e s  
i n  s t a t e  of charge  between p o i n t s  3 and 2,and 3 and 4 ,  r e s p e c t i v e -  
1 Y  * 

I t  i s  assumed t h a t  a t  p o i n t  7 ,  t h e  i n i t i a l  s t a t e  of 
cha rge  i s  1 0 0 %  s i n c e  t h e  v e h i c l e  has  j u s t  completed a f u l l  s u n l i t  
p a s s  i n  t h e  s o l a r  i n e r t i a l  a t t i t u d e .  With t h i s  i n i t i a l  c o n d i t i o n ,  
v a l u e s  f o r  t h e  f o u r  AC's d e f i n e d  above, and a s p e c i f i e d  number 
of o rb i t s  ( N )  i n  t h e  e a r t h  r e sources  miss ion  mode, it i s  a s imple  
m a t t e r  t o  de te rmine  t h e  minimum s t a t e  of charge  t h a t  t h e  b a t t e r i e s  
r e a c h .  There are,  however, s e v e r a l  c a s e s  t h a t  must be examined: 

a )  If A C 2 - 3  L A C 3 - 2 '  t hen  t h e  system i s  o p e r a t i n g  a t  o r  
below i t s  cont inuous  power c a p a b i l i t y .  Every o r b i t  t h e  b a t t e r i e s  
r e g a i n  t h e i r  f u l l  s t a t e  of charge.  T h e  same minimum occur s  eve ry  
o r b i t  b u t  t h e  f i r s t  one and i s  

= 100 - A C 3 - 2  'MIN 
(19-a) 
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b )  If AC7-2  - < AC2-3  < A C 3 - 2 1  t h e n  t h e  ba t te r ies  w i l l  

r e t u r n  t o  1 0 0 %  SOC a t  p o i n t  3 af te r  t h e  f i r s t  experiment  p a s s ,  
b u t  n o t  t h e r e a f t e r .  The m i n i m u m  s t a t e  o f  charge  might  o c c u r  
a t  one of two p l a c e s .  

b-1) I f  AC2-3  > AC3-41 t h e n  t h e  minimum w i l l  occu r  a t  

p o i n t  2 j u s t  b e f o r e  t h e  l a s t  experiment  p a s s  and w i l l  be 

b-2) 
4 and w i l l  be 

I f  AC2-3 - < “ 3 - 4 ’  t h e  minimum w i l l  o c c u r  a t  p o i n t  

(19b-1) 

(19b-2)  

c)  If AC7-2  > Ac2-31 t h e  b a t t e r i e s  w i l l  n o t  r e t u r n  t o  
1 0 0 %  SOC a t  p o i n t  3. As i n  b ,  w e  must t r e a t  t w o  p o s s i b l e  cases. 

c-1) I f  AC2-3  > AC3-4 the minimum o c c u r s  b e f o r e  t h e  l a s t  
experiment  p a s s  

t h e  m i n i m u m  w i l l  occu r  j u s t  b e f o r e  
1 c-2)  I f  AC2-3 - < AC3-4‘ 

t h e  v e h i c l e  e n t e r s  s u n l i g h t  a f t e r  t h e  ear th  r e s o u r c e  sequence. 
1 

C a s e s  b-2 and c-1 would n o t  have t o  be inc luded  i f  AC1-2 and 

b i l i t y  of t h e s e  cases cou ld  no t  be s a t i s f i e d .  

were e x a c t l y  e q u a l .  The  necessa ry  c o n d i t i o n s  f o r  a p p l i c a -  AC3-4 
AC1-Z and AC3-4 
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would be e q u a l  if tempera ture  and shadowing p r o f i l e s  w e r e  
syn?metric about  n=O. Given one set  of  t empera tu re  and shadowing 
p r o f i l e s ,  w e  can say  t h a t  i t  i s  p o s s i b l e  f o r  o n l y  one  of  t h e s e  
c a s e s  t o  occur .  W e  can a l s o  s a y  t h a t  t h e  range  of power 
requi rement  ove r  which i t  w i l l  occur  i s  s m a l l ,  because t h e  
v a l u e s  of A C I - 2  and AC3-4  w i l l  be  close. 

V I I .  RESULTS 

P r e s e n t a t i o n  o f  power system c a p a b i l i t i e s  f o r  t h e  
e a r t h  r e s o u r c e s  mis s ion  mode i s  compl ica ted  by t h e  l a r g e  number 
of v a r i a b l e s  t h a t  e n t e r  the c a l c u l a t i o n s .  As t h e  e a r t h  r e s o u r c e s  
exper iments  w i l l  be  ope ra t ed  o n l y  f o r  a short  t i m e  ove r  t h e  sun- 
lit e a r t h ,  it i s  l o g i c a l  t o  s p e c i f y  P, ( r e q u i r e d  t o  e v a l u a t e  ( 1 6 )  
and ( 1 7 ) )  as a p r o f i l e  t h a t  peaks when" t h e  exper iments  a r e  on. 
I n  t h i s  a n a l y s i s ,  we have taken  t h e  peak as 1 0 7 0  w a t t s  f o r  t e n  
minutes  c e n t e r e d  about  noon, wh ich  amounts t o  an  o r b i t a l  ave rage  
requi rement  of 1 1 4  w a t t s .  I n  doing so ,  however, we are f o r c e d  
t o  s p e c i f y  which system, AM o r  ATM, i s  t o  power t h e  exper iments .  
Both c a s e s  have been analyzed.  For  each  case, w e  are s t i l l  f a c e d  
w i t h  t h e  problem of d i s p l a y i n g  t h e  r e l a t i o n s h i p  between 

t h e  minimum b a t t e r y  s t a t e - o f - c h a r g e ,  CMIN, 

t h e  power requirement  f o r  e v e r y t h i n g  else,  PL, 

t h e  a n g l e  6 ,  

t h e  number of experiment  p a s s e s ,  N ,  

and t h e  t i m e  i n t o  t h e  mis s ion ,  d . 
The l a s t  v a r i a b l e  l i s t e d ,  d ,  has  t h e  l eas t  e f f e c t  on 

performance,  and w e  w i l l ,  f o r  t h e  t i m e  b e i n g ,  e l i m i n a t e  it by 
s p e c i f y i n g . t h a t  i t  i s  t h e  beginning of t h e  miss ion .  We w i l l  
also f o r g e t  t h e  v e r y  s m a l l  d i f f e r e n c e  i n  AM power o u t p u t  between 
c a s e s  where B i s  of  t h e  same magnitude b u t  of d i f f e r e n t  s i g n ,  
which i s  due t o  the s l i g h t l y  d i f f e r e n t  sbadowing p r o f i l e .  To 
t h e  accuracy  w i t h  which t h e  fo l lowing  c u r v e s  can be p l o t t e d  and 
r e a d ,  t h e  s i g n  of B i s  immater ia l .  Then f o r  a g iven  system, 
a g i v e n  B ,  and a c h o i c e  a s  t o  which  system powers t h e  exper iments ,  
w e  can p r e s e n t  a se t  of curves l i k e  those of F igu re  9.  These 
p a r t i c u l a r  cu rves  r e l a t e  t h e  m i n i m u m  b a t t e r y  s t a t e -o f -cha rge  t o  
t h e  average  power requirement  i n  t h e  AM sys tem,  which i n c l u d e s  
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t h e  1 1 4  w a t t  average  experiment r equ i r emen t*  f o r  one through 
f i v e  and 1 0  consecu t ive  experiment  p a s s e s .  For  more t h a n  one 
c o n s e c u t i v e  p a s s ,  t h e  cu rves  a l l  i n t e r s e c t  a t  a power requi rement  
of approximately 2 . 1  kw. This  i s  t h e  con t inuous  power c a p a b i l i t y  
a t  B=O,  beginning  of l i f e .  Equat ion (19a) f o r  CMIN a p p l i e s  a t  

lower p m e r  r equ i r emen t s ,  and (19b-1) a p p l i e s  t o  approximate ly  
t h e  p o i n t  where a11  cu rves  bend downward. Th i s  bend o c c u r s  when 
q - 2 ,  C"2-3 '  and AC3-4 (see page 2 3 )  are a l l  approximate ly  e q u a l .  
A t  h i g h e r  power l e v e l s  ( 1 3 c - 2 )  g i v e s  CMIN. 

F i g u r e s  1 0  and 11 f o r  t h e  AM a r e  f o r . i d e n t i c a 1  condi-  
t i o n s  e x c e p t  f o r  6, which i s  s t a t e d  on t h e  F igu res .  Note t h a t  
f o r  give11 Ini-nimurn s t a t e -o f -cha rge  and number of  p a s s e s ,  t h e  
power c a p a b i l i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  6 .  T h i s  s u q g e s t s  
a n o t h e r  way t o  p l o t  t h e  d a t a ,  narrely t h a t  o f  F i g u r e  1 2 .  This  
p l o t  shows t h e  average  power c a p a b i l i t y  vs B and N i f  t h e  minimum 
s t a t e  of cha rge  i s  p e r m i t t e d  t o  drop  t o  40%. 

F i g u r e  1 3  i s  l i k e  t h e  former p l o t s  t h a t  show minimum 
s ta te  of charge  v s  t h e  power r equ i r emen t ,  b u t  i s  fo r  t h e  ATM 
system a t  B=30°. 

d a t a  was c o n s t a n t  ove r  an o r b i t ;  t h a t  i s ,  it inc luded  no  i n c r e a s e  
around aoon f o r  experiment  requi rements .  It  t h e r e f o r e  complements 
t h e  ear l ier  AM da ta ,  which d id  i n c l u d e  t h e  peaks.  

The power requi rement ,PL,  used t o  g e n e r a t e  t h i s  

The dashed l i n e s  on t h e  cu rves  j u s t  r e f e r e n c e d ,  a t  an  
AM average  power of 2454 w a t t s  and an ATM average  power o f  2 0 2 2  
w a t t s ,  cor respond t o  e s t i m a t e s  of t h e  minimum average  power 
t h a t  might  s a t i s f y  requi rements  d u r i n g  t h e  e a r t h  r e s o u r c e s  mis s ion  
mode. 
ment of t h e  exper iments .  
and/or  u n c e r t a i n t y  concerning AAP miss ion  power r equ i r emen t s ,  
t h e s e  estimates should  be cons idered  as examples o f  how t h e  
c h a r t s  can be  used  t o  s t a t e  system c a p a b i l i t i e s .  For i n s t a n c e ,  
from e i t h e r  F i g u r e  11 o r  F igure  1 2 ,  we can s t a t e  t h a t  t h e  AM system 
i s  capab le  of t w o  consecu t ive  exper iment  p a s s e s  a t  a 2454 w a t t  
ave rage  reduced requi rement  w i th  B up t o  60° i f  t h e  maximum d e p t h  
o f  d i s c h a r g e  i s  p e r m i t t e d  t o  r each  6 0 % .  

t h e  AM, o r  if ( a s  now planned)  t h e  systems are ope ra t ed  i n  
p a r a l l e l ,  w e  can s ta te  t h a t  t h r e e  c o n s e c u t i v e  p a s s e s  a r e  f e a s i b l e  
a t  t h e  reduced e s t i m a t e d  power l e v e l s .  I f  t h e  b a t t e r y  depth-of-  
d i s c h a r g e  i s  l i m i t e d  t o  5 0 & ,  t h e n  must be  below 42O; i f  60% 

The AM requi rement  i n c l u d e s  t h e  114 w a t t  average  r e q u i r e -  
A s  t h e r e  i s  p r e s e n t l y  much d isagreement  

I f  t h e  exper iments  a r e  powered by t h e  ATM ra ther  t h a n  

*PL f o r  t h e  AM f o r  t h i s  case i s  t h e  average  power r equ i r emen t  

less 114 w a t t s  e x c e p t  for t h e  1 0  minu te s  c e n t e r e d  about  noon, when 
it i s  t h e  ave rage  p l u s  956 wa t t s .  
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FIGURE 10 - A M  BATTERIES - M I N I M U M  STATE-OF-CHARGE VS. POWER 
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DOD i s  p e r m i t t e d ,  B can be up t o  50°, and i f  t h ree -pass  c a p a b i l i t y  
ove r  t h e  f u l l  range of (up t o  60°) i s  d e s i r e d ,  t h e n  t h e  
b a t t e r i e s  must be p e r m i t t e d  t o  d i s c h a r g e  by 7 0 %  of  t h e i r  capa- 
c i t y .  Such s t a t e m e n t s  are c l e a r l y  dependent on t h e  assumed power 
requi rement .  For  a h i g h e r  power r equ i r emen t ,  t h e  c a p a b i l i t y  i n  
t e r m s  of number of consecu t ive  o r b i t s  o r  range  of fi i s  less. 

L e t  us now look a t  t h e  e f f e c t  of l i f e t i m e  on t h e  power 
c a p a b i l i t y .  The t o t a l  l i f e  of AAP Workshop I i s  t o  be  e i g h t  
months. F igu re  1 4  shows t h e  minimum s t a t e -o f -cha rge  a f t e r  t h r e e  
exper iment  p a s s e s  v s  B a t  t h e  beginning  of l i f e  and a t  t h e  end 
of l i f e  f o r  a 2 4 0 0  w a t t  load  on t h e  AM. W e  observe  t h a t  t h e  
d e c r e a s e  i n  t h e  minimum s t a t e  of charge  due t o  s o l a r  c e l l  degrada- 
t i o n  ( d i f f e r e n c e  between c u r v e s )  i s  less  as t h e  minimum s t a t e  of  
charge  i t s e l f  d e c r e a s e s  (as B i n c r e a s e s ) .  Th i s  is loq ica l ;  as 
B i n c r e a s e s  t h e  b a t t e r i e s  supply more and t h e  s o l a r  a r r a y s  suppiy  
less of t h e  same t o t a l  energy,  and on ly  t h e  a r r a y s  are a f f e c t e d  
by r a d i a t i o n  damage. 

ILI 
i 701- 
w 
0 fx 
w 
la! 
W 

a 
I 
0 

7 l o t  
I I 1 I 1 I 

10 20 30 40 50 60 s 0; 

FIGURE 14 - EFFECT OF SOLAR CELL DEGRADATION 



V I I I .  SUMMARY AND D I S C U S S I O N  

I t  i s  i m p o s s i b l e  t o  f i r m l y  s t a t e  t h e  c a p a b i l i t y  of 
t h e  AAP power sys tems t o  s u p p o r t  t h e  e a r t h  r e s o u r c e s  m i s s i o n  
mode i n  terms of  number of c o n s e c u t i v e  o r b i t s  and limits on 6 
w i t h o u t  knowing e x a c t l y  b o t h  t h e  minimum power r equ i r emen t  and 
t h e  maximum p e r m i s s i b l e  b a t t e r y  d e p t h  o f  d i s c h a r g e .  When t h e s e  
numbers are known, however, one need o n l y  go t o  t h e  c u r v e s  
g e n e r a t e d  i n  t h i s  s t u d y  t o  a c c u r a t e l y  de t e rmine  t h e  c a p a b i l i t y .  
If t h e  estimated minimum power r equ i r emen t s  g i v e n  i n  t h e  l a s t  
s ec t ion  are c l o s e ,  t h e n  i t  i s  f a i r l y  s a f e  t o  s a y  t h a t  t w o ,  and 
pe rhaps  t h r e e  c o n s e c u t i v e  e a r t h  r e s o u r c e s  p a s s e s  are f e a s i b l e  
w i t h o u t  s e v e r e  r e s t r i c t i o n s  on 6 .  

I n  d e t e r m i n i n g  t h e  pe r rn i s s ib l c  b a t t e r y  d e p t h  of 
d i s c h a r g e ,  w e  must r e a l i z e  t h a t  t h e  s p e c i f i e d  l e v e l  w i l l  be 
r eached  i n f r e q u e n t l y ,  and p o s s i b l y  never .  Assuming a c o n s t a n t  
power r equ i r emen t  i n  t h e  e a r t h  r e s o u r c e s  mode, a s p e c i f i e d  
l i m i t  on b a t t e r y  DOD w i l l  be reached  o n l y  when 1 6 1  i s  a t  an 
a s s o c i a t e d  upper  o p e r a t i o n a l  l i m i t .  Fo r  i n s t a n c e ,  7 0 %  might  
be s p e c i f i e d  as an a c c e p t a b l e  DOD when I B I  = 6 0 ° ,  which i s  t h e  
e x p e r i m e n t a l  l i m i t  due t o  ground l i g h t i n g  r e s t r i c t i o n s .  However, 
w e  would n o t  e x p e c t  t h e  b a t t e r i e s  n e a r  7 0 %  DOD v e r y  o f t e n  s imply  
because  161 i s  seldom i n  t h e  neighborhood o f  60'. With t h e  
i n i t i a l  c o n d i t i o n s  used  t o  g e n e r a t e  F i c p r e  3 ,  
occu r  o n l y  f o u r  t i m e s  d u r i n g  t h e  l i f e  ( e i g h t  months) of t h e  
Workshop mis s ion ,  and n o t  a t  a l l  d u r i n g  t h e  f i r s t  4-1/2 months. 
I n  t h e  f i r s t  manned m i s s i o n  ( 2 8  d a y s ) ,  I B I w i l l  n o t  g e t  larger 
t h a n  a b o u t  3 2 O .  

I B I  = 60'  w i l l  

Obse rva t ion  of F i g u r e s  1 0  and 11 shows t h a t  a power 
r e q u i r e m e n t  t h a t  r e s u l t s  i n  two-orb i t  minimum s t a t e  o f  cha rge  
of 30% ( 7 0 %  DOD) a t  B = 60' does  n o t  r e q u i r e  even a 50% d i s c h a r g e  
a t  B = 30°.  The same c a l c u l a t i o n  f o r  t h r e e  o r b i t s  gives  a d i s -  
c h a r g e  less t h a n  3 5 %  a t  B = 30°. From t h e s e  c o n s i d e r a t i o n s ,  
p l u s  t h e  f a c t  t h a t  even i f  i t  d i d  occur  a few t i m e s  it would n o t  
be damaging, s p e c i f i c a t i o n  of a maximum p e r m i s s i b l e  b a t t e r y  d e p t h  
of d i s c h a r g e  of 7 0 %  a t  I B I  = 6 0 °  does  n o t  appea r  un reasonab le .  

I f  t h e  t a r g e t s  f o r  e a r t h  r e s o u r c e s  e x p e r i m e n t a t i o n  are 
a l l  i n  t h e  l a t i t u d e  r ange  of 30°N t o  50°N ( i . e .  t h e  U.S.A.), 
t h e n  t h e  plus-Z C l u s t e r  a x i s  i s  n o t  t h e  optimum l o c a t i o n  f o r  
t h e  expe r imen t s .  When t h e  l i m i t s  on t h e  s u b s o l a r  p o i n t ,  deter- 
mined by t a r g e t  l i g h t i n g  c o n s t r a i n t s  and t h e  t r o p i c s ,  are p l o t t e d  
r e l a t i v e  t o  t h e  ground t r a c k ,  it i s  found t h a t  B w i l l  be  pre-  
dominan t ly  of one  s i g n .  The s u b s o l a r  p o i n t  w i l l  u s u a l l y  be 
s o u t h  of t h e  s u n l i t  ground t r a c k ,  which i s  e q u i v a l e n t  t o  a 
n e g a t i v e  6 .  F i g u r e  1 5  i n d i c a t e s  why, under  t h e s e  c i r c u m s t a n c e s ,  
an  exper iment  l o c a t i o n  away from t h e  plus-Z toward t h e  minus-Y 
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a x i s  by 20' t o  30' would be b e t t e r .  Not on ly  w i l l  t h e  ave rage  
p o i n t i n g  a n g l e ,  X i n  Equat ion (l), b e  less, b u t  t h e  a r r a y s  
w i l l  be  s u n l i t  f o r  more t h a n  h a l f  t h e  o r b i t ,  assuming t h e  
exper iments  are c o n t i n u a l l y  aimed a long  t h e  l o c a l  v e r t i c a l .  

EXPT ON + Z BETTER LOCAT ION 

FIGURE 15 - ALTERNATE EXPERIMENT LOCATION FOR U.S.A. TARGETS 
D e r i v a t i o n  of t h e  optimum angle  f o r  p o s i t i o n i n g  t h e  exper iments  
v s  B i s  t h e  i d e n t i c a l  problem t h a t  i s  d i s c u s s e d  a s  t h e  Fixed 
R o l l  Case i n  Reference  3 .  One o n l y  need r ecogn ize  t h a t ,  i n  bo th  
problems,  w e  have one s p a c e c r a f t  a x i s  p o i n t e d  d i r e c t l y  down and 
a r e  o p t i m i z i n q  t h e  p o s i t i o n  of t h e  arrays r e l a t i v e  t o  t h a t  a x i s  
w i t h  an  
o r b i t .  

e q u a l l y  
optimum 

a n g u l a r  degkee of freedom a b o u t - a  l i n e  t a n g e n t  t o  t h e  

I f  t a r g e t s  f o r  t h e  e a r t h  r e s o u r c e s  exper iments  are 
d i s t r i b u t e d  n o r t h  and s o u t h  of t h e  e q u a t o r ,  t h e n  t h e  
exper iment  p o s i t i o n  i s  a l o n g  t h e  plus-Z a x i s .  
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NOON-TO-NOON SATELLITE P E R I O D  

The p e r i o d  of a s a t e l l i t e  i n  a c i r c u , a r  o r b  
a s p h e r i c a l  e a r t h  i s  g iven  by: 

To = 27~ +?- 

t about  

A- 1 

where :  R i s  t h e  r a d i u s  of  t h e  e a r t h  = 3443.93 NM 

H i s  t h e  a l t i t u d e  of t h e  o r b i t  

~ . l  i s  t h e  e a r t h ' s  g r a v i t a t i o n a l  c o n s t a n t  = 

4 . 6 8 4 2 7 -  l O I 4  NM3/Day 2 

When t h e  e a r t h ' s  o b l a t e n e s s  i s  cons ide red  t o  t h e  o r d e r  
of t h e  dominant o b l a t e n e s s  parameter ,  J ,  t h e r e  i s  no longe r  
a unique  p e r i o d  f o r  a s a t e l l i t e .  
are t h e  a n o m a l i s t i c  (pe r igee - to -pe r igee )  and t h e  n o d i c a l  (node- 
to -node ) .  T h e r e  i s  a t h i r d  p e r i o d ,  which w e ' l l  c a l l  t h e  noon- 
to-noon p e r i o d ,  t h a t  g i v e s  t h e  t i m e  r e q u i r e d  f o r  t h e  s a t e l l i t e  
t o  p r o g r e s s  from one o r b i t a l  n o o n - t o  t h e  nex t .  This  i s  t h e  
p e r i o d  i n  which t h e  o r b i t  p o s i t i o n  a n g l e  used i n  t h i s  r e p o r t ,  q ,  
changes by 360'. 

Commonly used p e r i o d s  [ A - 1 ,  A-21 

I n  r e f e r e n c e  A-3 ,  t h e  a n g l e  q~ i s  used t o  d e s c r i b e  t h e  
p o s i t i o n  of o r b i t a l  noon ( q = O )  r e l a t i v e  t o  t h e  ascending  node 
of  t h e  o r b i t .  The a n g l e  qJ i n c r e a s e s  w i t h  t i m e ,  b u t  n o t  l i n e a r l y ,  
?nd t h e r e f o r e  $ i s  n o t  c o n s t a n t .  However, t h e  average  v a l u e  of 
II, i s  shown t o  be t h e  d i f f e r e n c e  between t h e  ra te  of t h e  e a r t h ' s  
r o t a t i o n  about  t h e  sun ,  7 ,  and t h e  o r b i t a l  r e g r e s s i o n  r a t e ,  h .  

That  is: 

where ( f o r  c i r c u l a r  o r b i t s )  

A- 2 

h = -  J R  11 1'2 cos  i A- 3 
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and = 360° / so la r  y e a r  = 0 . 0 1 7 2 0 2 7 9  rad/day 

w i t h  J be ing  t h e  f i r s t - o r d e r  o b l a t e n e s s  parameter  = 1 . 6 2 3 4 0 1 0 - ~ ,  
and i t h e  o r b i t a l  i n c l i n a t i o n .  

I? one noon-to-noon o r b i t ,  t h e  a n g l e  Q i n c r e a s e s  on t h e  
average  by JIAVG t i m e s  t h e  noon-to-noon p e r i o d .  H o w e v e r ,  s i n c e  

i s  a l r e a d y  t o  s u f f i c i e n t  t h e  o r d e r  J ,  it i s  
QAVG 

t o  s e t  

A- 4 

The t i m e  needed f o r  t h e  s a t e l l i t e  t o  t r a v e r s e  through AQAvG i s  
approximate ly  

. ,  

A- 5 

where w 

Thus : 
i s  t h e  o r b i t a l  ra te  based on a s p h e r i c a l  e a r t h  = 2 n / T 0 .  0 

2 rn 

- -  AT^^^ - QAVG 71 
A- 6 

i s  a measure of  t h e  average a d d i t i o n a l  t i m e  r e q u i r e d  t o   AT^^^ 
r e a c h  o r b i t a l  noon a f t e r  p a s s i n g  t h e  ascending  node ove r  t h e  
t i m e  t o  t r a v e r s e  between t h e  same two p o i n t s  on t h e  p receed ing  
o r b i t .  To  o b t a i n  t h e  average noon-to-noon p e r i o d ,  t h e  n o d i c a l  
p e r i o d  must be added. 

T = TN+ATAVG ’AVG 
A- 7 

i s  t h e  average  noon-to-noon p e r i o d  and T i s  t h e  N where T 

n o d i c a l  p e r i o d ,  which i s  g iven  t o  t h e  o r d e r  J by: [A-21 
‘AVG 

7 cos2  i-1 
TN = TO ( (A) 4 A- 8 
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Thus t h e  average  noon-to-noon p e r i o d  i s ,  t o  t h e  order J 

( l-J [A) 2 17 COS 2 i-1) ) 'AVG 
= To + -  

w O  R+H 4 

The v a l u e s  o f  t h e s e  pa rame te r s  f o r  a 235 NM a l t i t u d e ,  50° 
i n c l i n a t i o n  o r b i t  are: 

= .06478004 days = 1.5547209 hour s  

= .06473644 days = 1.5536745 hours 

= .00007073 days = .0016975 h o u r s  

TO 

TN 

* T~~~ 

A- 1 

A- 2 

A- 3 

T = .06480717 days  = 1.5553720 hour s  
'AVG 
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